Cloud resolving models (CRMs) serve as a valuable tool for satellite remote sensing by inferring information about precipitating clouds that cannot be directly observed. However, it is indispensable for the use of CRMs in precipitation remote sensing that their output is verified with observational data to confirm that the information derived from them is reliable.
Cloud resolving models (CRMs) serve as a valuable tool for satellite remote sensing by inferring information about precipitating clouds that cannot be directly observed. However, it is indispensable for the use of CRMs in precipitation remote sensing that their output is verified with observational data to confirm that the information derived from them is reliable.
In this study, a CRM, the Japan Meteorological Agency (JMA) nonhydrostatic mesoscale model (JMA-NHM) is used to simulate a real rainfall system associated with the Baiu front around the Okinawa Verification of hydrometeor properties simulated by a cloud resolving model using passive microwave satellite and ground-based radar observations for a rainfall system associated with the Baiu front 
Baiu frontal rainbands on 8 June 2004
Three distinct rainbands extending in a northeast-southwest direction are found in the rainfall system associated with the Baiu front around the Okinawa Islands. The National Institute of Information and Communications Technology (NICT) Okinawa Bistatic Polarimetric Radar (called COBRA) captures two rainbands on the southeastern side of the rainfall system. The Advanced Microwave Scanning Radiometer for EOS (AMSR-E) also captured these rainbands. Areas with small values of P18 are found in the rainbands, indicating the presence of large amounts of liquid water. Areas with large PCT89 depressions are also found in the rainbands, denoting that a large amount of frozen hydrometeors also exists in those clouds. Table 2 provides the characteristics of each hydrometeor class. 
Results
Cloud water Table 2 . Assumed hydrometeor parameters and characteristics.
Comparisons with radar observations
JMA-NHM well captures the location, shape and intensity of the observed rainbands. The JMA-NHM and COBRA data are compared using CFADs (Yuter and Houze 1995) that computes the probability density (%) of a field as a function of height. Overall, there is good agreement between the observations and the simulation. Below the melting level, peak probabilities for the simulated reflectivities agree with those from the observed. However, peak probabilities from the simulation appear to be shifted slightly higher above the melting level. These results indicate that the model accurately captures the observed reflectivities in the liquid phase but slightly overestimates them in the ice phase.
Comparisons with satellite radiometer observations
The radiative transfer model (RTM) developed by Liu (1998), which uses plane-parallel and spherical particle approximations, is used to simulate TBs in this study. The values of simulated P18 are almost in agreement with the AMSR-E observations; however, the simulated PCT89 depressions are larger. This result suggests that JMA-NHM accurately simulates the amount of the liquid hydrometeors but overestimates the amount of frozen hydrometeors, which is consistent with the results obtained from radar reflectivity comparison.
Hydrometeor profiles
The dominant form of frozen hydrometeors in the simulation is snow with much smaller amounts of graupel and cloud ice. The microphysical budget in JMA-NHM indicates that deposition is the primary process responsible for snow growth. Collection of cloud water by snow is the second-most important process responsible for snow growth. The number concentration of snow particles is larger than that of cloud ice particles due to conversion of cloud ice to snow through depositional growth of cloud ice and accretion of cloud ice by snow. The large number of snow particles leads to the large amount of depositional growth of snow. The excessive amount of snow results in overestimate of radar reflectivities and PCT89 depressions. 
Sensitivity experiments

Design of the sensitivity experiments
Comparisons with radar and radiometer observations suggest the model overestimates of snow. Based on those results, three sensitivity experiments are conducted that involved adjustments to the microphysical parameters that are important to snow growth. In experiment IN, the ice nucleation process is changed to reduce the ice nucleation rate. This change reduces the depositional growth of snow due to a reduction in the number concentration of snow generated by the conversion of cloud ice. In experiment PSACW, the riming threshold for snow to graupel conversion is changed. The tuning parameter is changed from the control experiment so that almost all of the accreted cloud water is converted into graupel. In experiment FVS, a larger snowfall speed is used so that snow particles quickly sediment out.
Profiles of probability density of radar reflectivity for the sensitivity experiments are similar to the control experiment under the melting level. Above the melting level, the peak probability with 20 dBZ in experiments PSCAW and FVS is shifted toward the observed value. In contrast, the peak probability at 25 dBZ in experiment IN remains similar to the control experiment and is still shifted higher than the radar value. This result is consistent with the tendencies in mean snow diameter obtained from the sensitivity experiments.
Profiles of probability density of P18 in the sensitivity experiments are not appreciably different from the control experiment. Probabilities of PCT89 less than 200 K in the sensitivity experiments are a little smaller than those for the control experiment; however, probabilities of PCT89 less than 240 K in the sensitivity experiments remain larger than was observed. This result suggests that further adjustments and improvements to microphyisical processes sensitive to snow growth are neccesary. 
Results
Mixing ratios of snow in all sensitivity experiments are reduced from the control experiment, indicating that each adjustment has a positive impact in reducing the excessive snow. In experiment PSACW and FVS, the mean diameter is reduced from the control experiment. In contrast, the mean diameter in experiment IN becomes larger than that of the control experiment and is due to the large reduction in snow number concentration.
Summary and conclusions
This study compared reflectivities and TBs derived from JMA-NHM simulations with simultaneous satellite radiometer and ground-based radar observations for a rainfall system associated with the Baiu front around the Okinawa Islands, Japan. JMA-NHM correctly replicated the shape, location and intensity of precipitation associated with the observed rainfall system. Comparisons with radar and radiometer observations suggest that JMA-NHM well simulates the amount of liquid hydrometeors but overestimates the amount of frozen hydrometeors. The dominant form of ice in the simulation was snow with much smaller amounts of graupel and cloud ice. This was caused by the JMA-NHM overestimating the amount of snow through depositional growth. The excessive snow mixing ratios were reduced by adjusting some of the microphysical processes in JMA-NHM. Larger snowfall speeds and a lower riming (a) Islands, Japan on 8 June 2004. Microwave TBs and equivalent radar reflectivitie are derived from the JMA-NHM's output, which are then compared to concurrent corresponding satellite radiometer and ground-based radar observations, respectively. The objectives of this study are to verify the microphysics of the JMA-NHM's ice-phase two-moment bulk scheme, and to examine some of the microphysical sensitivities. Special attention is given to the characteristics and sensitivities of the JMA-NHM's frozen hydrometeor forecasts.
threshold for snow to graupel conversion did help to reduce snow diameters, resulting in further agreement with the observations. These microphysical process adjustments did help to reduce the amount of snow, but overall there was little change compared to the control experiment. As a result, none of the sensitivity experiments resulted in drastic improvements in the TB signatures at high frequencies. Therefore, additional adjustments and improvements to the microphysical processes regarding snow growth are needed. Moreover, additional cases representing many more situations will be analyzed to verify the microphysical sensitivities of the model presented in this case and to improve JMA-NHM by estimating its biases and conducting needed adjustments to its physics and parameters to reduce those biases.
